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Abstract:
The role of species divergence due to ecologically-based divergent selection -or 23 ecological speciation -in generating and maintaining biodiversity is a central question in 24 evolutionary biology. Comparison of the genomes of phylogenetically related taxa spanning a 25 selective habitat gradient enables discovery of divergent signatures of selection and thereby 26 provides valuable insight into the role of divergent ecological selection in speciation. Tidal 27 marsh ecosystems provide tractable opportunities for studying organisms' adaptations to 28 selective pressures that underlie ecological divergence. Sharp environmental gradients across the 29 saline-freshwater ecotone within tidal marshes present extreme adaptive challenges to terrestrial 30
vertebrates. Here we sequence 20 whole genomes of two avian sister species endemic to tidal 31 marshes -the Saltmarsh Sparrow (Ammodramus caudacutus) and Nelson's Sparrow (A. nelsoni) 32 -to evaluate the influence of selective and demographic processes in shaping genome-wide 33 patterns of divergence. Genome-wide divergence between these two recently diverged sister 34 species was notably high (genome-wide FST = 0.32). Against a background of high genome-wide 35 divergence, regions of elevated divergence were widespread throughout the genome, as opposed 36 to focused within islands of differentiation. These patterns may be the result of genetic drift 37 acting during past tidal march colonization events in addition to divergent selection to different 38 environments. We identified several candidate genes that exhibited elevated divergence between 39
Introduction 46
The role of differential adaptation to divergent selective environments in generating andmaintaining biodiversity has become an increasing focus for evolutionary biologists over the past 48 decade and has been termed ecological speciation (Schluter 2001 Under a scenario of ecological speciation, divergent selection will result in differential 62 performance of individuals inhabiting alternative ecological niches (Nosil 2012; Arnegard et al. 63 2014). Reproductive isolation resulting from such adaptive divergence may occur either in 64 sympatry, parapatry, or allopatry (Nosil, 2007 (Nosil, , 2012 ; Langerhans et al. 2007 ). Comparison of the 65 genomes of two ecologically divergent taxa spanning a selective habitat gradient provides 66 valuable insight into the role of niche divergence in driving natural selection and speciation 67 within a system. Characterizing genomic differentiation in recently diverged taxa is critical for 68 of these sister species may have been largely driven by divergent natural selection. Alternatively, 115 changes in population size during vicariant isolation and colonization events may have increased 116 the role of genetic drift in driving interspecific divergence. While previous work in this system 117 has identified patterns consistent with divergent selection across the saline-freshwater ecotone 118 (Walsh et al. 2015 (Walsh et al. , 2016 (Walsh et al. , 2017 , the genome-wide pattern of differentiation between saltmarsh 119 and Nelson's sparrows remains unknown. An understanding of the genomic landscape of these 120 taxa will reveal the influence of demographic processes and divergent selection in ecological 121 speciation. 122
We sequenced whole genomes of saltmarsh and Nelson's sparrows to investigate the role 123 of divergent selection across an ecological gradient in shaping genome-wide patterns of 124 divergence. We were interested in identifying genomic regions exhibiting elevated divergence 125 due to selection across the saline -freshwater ecotone. We predicted elevated divergence 126 between saltmarsh and Nelson's sparrows in gene regions linked to known tidal marsh 127 adaptations. Specifically, we hypothesized that genes linked to kidney development, osmotic 128 regulation (salt tolerance in tidal environments; Greenberg et freezing -heart, muscle, liver, brain, gonad, and kidney -from a single male Saltmarsh Sparrow 169 individual. Sequencing libraries were generated from polyA enriched mRNA using the Illumina 170
TruSeq RNA sample prep LT system. RNA sequencing of 100 bp PE reads was performed in a 171 single Illumina HiSeq2000 lane at Vanderbilt University. Transcriptome assembly was 172 performed on the combined datasets with CLC Genomics Workbench (V5.1.2.) using CLC 173 assembly Cell 4.0 set to default parameters. Genes were predicted with SNAP v2013-11-29, 174 using an iterative training process inside MAKER v2.31.9, and Augustus v3.2.2_4, using a 175
Hidden Markov Model from the chicken. This produced a total of 15,414 gene models, which 176 included 85.2% complete BUSCO v2.0 (Simão et al. 2015) genes and a further 9.3% which were 177 fragmented, when assessed against the aves_odb9 lineage data and specifying the white-throated 178 sparrow (Zonotrichia albicollis) as the most closely related species in the database. The 179 saltmarsh sparrow assembly was aligned to the zebra finch genome using Satsuma 180
Chromosembler (Grabherr et al. 2010) . Using this approach, scaffolds were mapped to 181 chromosome coordinates via synteny. Thus, scaffolds were assigned to chromosomes for 182 removal of sex-linked markers, however, population genetic analyses were conducted at the 183 scaffold level. 184
Whole-Genome Resequencing and Variant Discovery 185
We sequenced the genomes of an additional 20 individuals, 10 saltmarsh sparrows and 10 186
Nelson's sparrows. DNA was extracted using the DNeasy blood and tissue kit (Qiagen, Valencia, 187 CA, USA). had minor allele frequencies less than 5%, mean coverage less than 3X or with coverage greater 215 than two standard deviations above the mean, and more than 20% missing data across all 216 individuals were additionally filtered from the data set. This resulted in 7,240,443 SNPs across 217 the genome. Using mapping results from Satsuma, we removed all SNPs located on the Z 218 chromosome to avoid any bias that may be introduced by analyzing a mix of male and female 219 individuals, resulting in a final data set containing 6,256,980 SNPs. 220
Population Genomics 221
Principle component analysis (PCA) was performed on all SNPs using the SNPRELATE 222 package in R (R core Team, 2016). We identified divergent regions of the genome by calculating 223
FST values for non-overlapping 100 kb using VCFtools version 0.1.14 (Danecek et al. 2011). 224
Descriptive statistics for the 100 kb windows, including the number of fixed SNPs, the 225 proportion of fixed SNPs in coding regions, nucleotide diversity ( ), Tajima's D, mean observed 226 heterozygosity (Hobs), and mean expected heterozygosity (Hexp) were calculated using VCFtools 227 and R. We calculated Dxy using a custom python script (S. Martin, 228 https://github.com/simonhmartin/genomics_general). Divergent peaks were visualized using 229
Manhattan plots, which were constructed using the R package qqman. We discarded regions with 230 less than two windows and windows with less than 10 SNPs. 231
Characterizing Divergence between Nelson's and Saltmarsh Sparrows 232
To fully assess genome-wide patterns of differentiation between saltmarsh and Nelson's 233 sparrows and to identify potential genes that play a role in adaptive divergence, we employed a 234 multi-step approach to identifying and characterizing candidate regions of interest. UniProt database (http://www.uniprot.org/). We preformed GO analyses of divergent windows 242 (Table 1 ) using the Web-based GOfinch tool (http://bioinformatics.iah.ac.uk/tools/Gofinch). 243
Lastly, we compiled a list of candidate genes hypothesized to be important for tidal marsh 244 adaptations, including genes linked to reproductive timing (circadian rhythm genes), osmotic 245 regulation, salt marsh melanism, and bill morphology. Genes were chosen based on previous 246 research done in this system (Walsh et al. 2016 (Walsh et al. , 2017 ) and a literature review. We estimated FST 247 and df for each candidate gene of interest plus 20 kb upstream and downstream of the gene, and 248 compared our divergence estimates to the genome-wide average. 249
Results

250
The final reference genome assembly generated by ALLPATHS-LG consisted of 44080 251 contigs with an N50 of 66.4 kb and 2672 scaffolds with an N50 of 8.427 Mb. Contig length was 252 1.03 Gb and the total scaffold length was 1.07 Gb. Based on a 1.0 Gb genome, sequencing 253 coverage for the assembly was 83X. Statistics for the final assembly are included in 254 supplementary table S2. We assessed the completeness of our reference assembly by searching 255 for a vertebrate set of 3023 single copy orthologs using BUSCO version 1.2 (Simão et al. 2015) . 256
Our final saltmarsh sparrow reference genome contained a single and complete copy of 83.6% of 257 the genes in the vertebrate set and a partial copy of an additional 7.5% of the genes in this set. 258
We found 0.5% of the BUSCO vertebrate genes more than once within the reference genome and 259 8.8% of the BUSCO genes were missing from the saltmarsh sparrow reference. Based on our different approaches, we identified numerous regions of the genome that 269 exhibited elevated levels of divergence (measured as either FST or the number of fixed SNPs in a 270 window). We identified 90 windows across 39 scaffolds with FST estimates greater than the 99th 271 percentile of the empirical distribution (Supporting Information; Table S3-S4). We also 272 identified 94 windows across 42 scaffolds exhibiting values of df greater than the 99th percentile 273 of the overall distribution (Supporting Information; Table S5-S6). When combining these two 274 criteria, we found 33 windows across 16 scaffolds that showed elevated divergence using both 275
FST estimates and the density of fixed SNPs (hereafter elevated regions, Supporting Information; 276 Table S7 ). When comparing elevated regions to the rest of the genome, we saw higher estimates 277 of FST, Dxy and df inside of the elevated regions (FST = 0.616; Dxy = 0.6795; df = 0.0013) versus 278 outside of the elevated regions (FST = 0.309; Dxy = 0.4412; df = 0.00022; Table 2 ). Within these 279 elevated regions, we identified 19 genes with putative adaptive roles putative roles in adaptive 280 differences between the species (Table 1, Figure 3 ). Of these genes, nine were linked to 281 osmoregulatory function, two were linked to reproductive differences between the species, two 282 were linked to immune response, and one was linked to circadian rhythm. Enrichment analyses 283 of these genes identified several pathways, including some linked to a priori hypotheses: 284 intracellular calcium activated chloride channel activity (potentially linked to osmoregulatory 285 function; P = 0.0067), regulation of circadian rhythm (potentially linked to nest initiation in 286 relation to tidal cycles; P = 0.023), and sodium:potassium-exchanging ATPase activity (potential 287 link to osmoregulatory function; P = 0.023). Additional genes with potential tidal marsh or other 288 adaptive functions were identified by either the FST or df criteria alone (see Supporting 289
Information. Tables S3-S6 ). Nucleotide diversity was decreased within these elevated windows, 290
although not statistically significantly given the high genome-wide variation (Table 2) . This 291 could be evidence for selective sweeps in these regions. Lastly, based on a literature review and a 292 priori predictions, we identified several a priori candidate genes linked to putative tidal marsh 293 adaptations (Table 3) . Of these candidates, only two had an FST value greater than the upper 294 bound of the 95% confidence interval for genome-wide FST (Table 3) . These candidates included 295 CRY1 (regulation of circadian rhythm: FST = 0.676, 86 fixed SNPs) and TYRP1 (melanin 296 biosynthetic process: FST = 0.553, 44 fixed SNPs). 297
Discussion 298
Whole-genome comparisons of saltmarsh and Nelson's sparrows revealed high baseline 299 divergence between species (genome-wide FST = 0.32). We identified a high density of fixed 300 SNPs (~234,000), which appear to be uniformly distributed across the genome. These patterns 301
share commonalities with that observed in the collared (Ficedula albicollis) and pied (F. 
